The kinetic inductance detector (KID) is an exciting new device that promises high-sensitivity, large-format, submillimetre to x-ray imaging arrays for astrophysics. KIDs comprise a superconducting thin-film microwave resonator capacitively coupled to a probe transmission line. By exciting the electrical resonance with a microwave probe signal, the transmission phase of the resonator can be monitored, allowing the deposition of energy or power to be detected. We describe the fabrication and low-temperature testing, down to 26 mK, of a number of devices, and confirm the basic principles of operation. The KIDs were fabricated on r-plane sapphire using superconducting niobium and aluminium as the resonator material, and tantalum as the x-ray absorber. KID quality factors of up to Q = (741 ± 15) × 10 3 were measured for niobium at 1 K, and quasiparticle effective recombination times of τ * R = 30 µs after x-ray absorption. Al/Ta quasiparticle traps were combined with resonators to make complete detectors. These devices were operated at 26 mK with quality factors of up Q = (187.7 ± 3.5) × 10 3 and a phase-shift responsivity of ∂θ/∂N qp = (5.06 ± 0.23) × 10 −6 degrees per quasiparticle. Devices were characterized both at thermal equilibrium and as x-ray detectors. A range of different x-ray pulse types was observed. Low phase-noise readout measurements on Al/Ta KIDs gave a minimum NEP = 1.27 × 10 −16 W Hz −1/2 at a readout frequency of 550 Hz and NEP = 4.60 × 10 −17 W Hz −1/2 at 95 Hz, for effective recombination times τ * R = 100 µs and τ * R = 350 µs respectively. This work demonstrates that high-sensitivity detectors are possible, encouraging further development and research into KIDs.
Introduction
Within the astrophysics and particle physics communities, superconducting detectors have been used widely for over two decades for applications requiring exceptionally high levels of performance. In astronomy, transition edge sensors (TESs) and superconducting tunnel junctions (STJs) are used for x-ray and optical time-resolved photon counting spectroscopy [1, 2] , and at submillimetre wavelengths TESs are used for high performance photometric observations [3] [4] [5] [6] . Long-wavelength TESs have revolutionized experimental cosmology, and these devices are now being engineered into sophisticated imaging arrays and polarimeters [7, 8] .
The current challenge is to fabricate extremely large-format imaging arrays to achieve wide fields-of-view on survey instruments, and to place imaging arrays in space. However, it is challenging to engineer TESs into fast responding SQUID-multiplexed photon-counting arrays and STJs require sophisticated fabrication techniques and have no obvious multiplexing scheme.
The kinetic inductance detector (KID), on the other hand, promises high-sensitivity and large-format imaging from submillimetre to x-ray wavelengths [9, 10] . Crucially, KIDs solve the multiplexing problem by allowing up to 10 000 devices to be addressed through two coaxial cables and one cooled high electron mobility transistor (HEMT) amplifier [11] . Each KID comprises a thin-film superconducting microwave resonator whose resonant frequency, typically around 4 GHz, and transmission phase, change when a submillimetre or x-ray photon is absorbed.
By using slightly different resonant frequencies for the elements of an array, devices can be read out individually. The KID detection mechanism is manifested by a temporal change in the surface kinetic inductance of a superconductor when a photon of energy hν 2 (T ) is absorbed, where (T ) is the superconducting gap parameter. High energy photons break Cooper pairs, creating a non-equilibrium population of quasiparticles. These recombine in a characteristic time, of the order 10-500 µs, producing pulse-like changes in the surface impedance. As the impedance of a superconductor is mostly inductive, especially for T T C , the superconductor can be engineered as the inductive element in a RLC-like resonant circuit. As demonstrated in this paper, the quality factor of the resonant circuit determines both the sensitivity and speed of the device.
Not only are high-Q superconducting planar resonators important for astronomy, they are also important in other areas of physics. For example, extremely high-Q thinfilm resonators are being developed for quantum information processing, where superconducting transmission lines are used to read out quantum memory elements [12] . In this case, strip resonators are used to lightly couple qubits (units of quantum information) together in an easily addressable scheme. Understanding photon absorption and noise in high-Q, thin-film resonators is therefore of great interest in the development of superconducting quantum memory elements.
In this paper, we present an experimental investigation into the basic principles of operation of x-ray KIDs. In particular, we configured thin-film superconducting resonators as x-ray sensitive KIDs, and studied resonator dynamics and noise at temperatures as low as 26 mK. We present results showing the temperature and frequency response of a number of devices having different geometries, and manufactured using different materials. The experimental data are used to study the basic physical mechanisms at work. Device processing routes are described for niobium and aluminium resonators with tantalum x-ray absorbers. The frequency and probe-power dependences of superconducting resonator phase-noise spectra were examined, and KID sensitivities approaching state-ofthe-art TES detectors were achieved. We have demonstrated x-ray photon detection with a noise equivalent power (NEP) of NEP = 4.60 × 10 −17 W Hz −1/2 , which is one of the best sensitivities reported to date for KIDs.
The basic KID detection scheme has been successfully demonstrated for x-ray photons. Our future research will concentrate on the development of far-infrared KID imaging arrays for the 1-3 THz (100-300 µm) frequency range.
Principle of operation
In a classical superconductor, the binding of two electrons into a Cooper pair is mediated through a virtual phonon exchange with binding energy 2 (T ), and only occurs below a critical temperature T c . Superconductors exhibit an electrical ac impedance, where kinetic inductance arises from the inertial mass of the Cooper pairs. Electromagnetic radiation of frequency greater than the pair-breaking frequency, given by ν pb = 2 (T )/ h, can break Cooper pairs and create quasiparticles. The temporal creation of excess quasiparticles can then be used to mediate a measurable signal in a direct detector [13] [14] [15] .
KIDs are best operated well below their critical temperature, ensuring a low background of thermal quasiparticles. In this way, the photon-created quasiparticles constitute a significant non-equilibrium excess, and recombine to form Cooper pairs in a characteristic effective recombination time, τ * R [16, 17] . The increased density of quasiparticles affects the surface impedance as Cooper pairs are excluded from occupying states populated by quasiparticles. This reduces the number of Cooper pairs in the vicinity of the quasiparticle excess. Electromagnetic radiation is thus no longer screened as efficiently by the supercurrent, and penetrates further into the superconductor. The device is operated well below T c so that the increase in surface impedance is mainly inductive and is due to the reduction in the number of Cooper pairs interacting with the electromagnetic field penetrating into the superconductor. Incorporating a strip of superconductor as the inductive element of an LC circuit, these changes in inductance can be observed through changes in the resonant frequency of the device. By coupling the strip via a small capacitive gap to a separate transmission line, the resonance is excited using a probe signal of frequency equal to the resonant frequency of the KID. Changes in the surface inductance, due to changes in temperature or deposition of energy, can be detected by monitoring the transmission amplitude, |S 21 |(f ), and in particular the transmission phase, θ(f ), of the probe signal. When operated as a photon or quantum detector, the magnitude of the measured phase-shift depends on the energy deposited. The phase changes rapidly with the quasiparticle density so that high-sensitivity detectors can be made. The theoretical limiting noise mechanism is due to quasiparticle generation recombination, which at temperatures well below T c would imply an NEP of less than 10 −20 W Hz −1/2 [10] . Lithographically defining the length of the superconducting strip and the size of the capacitive coupling gap, means the system can be made to resonate at a particular microwave frequency. The finite gap capacitance, C g , reduces slightly the resonant frequency but also largely determines the sharpness, or quality factor Q, of the resonance. The exact choice of the size of gap capacitance is crucial as a trade off is made between a high-Q and low-Q resonance.
Many resonators having different resonant frequencies can be lightly coupled to a single microwave transmission line, with each resonator corresponding to one pixel of an imaging array. An array of KIDs can then be driven by a comb of microwave frequencies. Using a HEMT amplifier at the output of a multiplexed array, up to 10 000 KIDs can be read out through a single transmission line [18] . Moreover, each KID can be monitored using room temperature electronics similar to those found in modern communication systems. This frequency-domain multiplexing scheme significantly reduces the thermal loading on the cryostat as only two coax cables are required. This approach also reduces the complexity of the chip itself, for example, a KID array comprising tantalum absorbers and aluminium resonators only requires three deposition steps. This dramatically simplifies fabrication, increases yield and reduces cost.
The sensitivity of a KID can be characterized by measuring the phase shift of the probe signal, using a homodyne scheme, as a function of temperature. The quasiparticle density is then calculated from the measured temperature to give the KID's responsivity. The responsivity, R, is defined as the phase-shift per excess quasiparticle
where θ is the measured phase-shift, and N qp is the number of quasiparticles. The quasiparticle number is determined by the volume of the resonator and the quasiparticle density, n qp (T ) [17] , given by
where E is the quasiparticle energy with respect to the Fermi level, T is the temperature, (T ) is the superconducting gap parameter and N(0) is the normal-state single-spin density of states at the Fermi level. The first term is the Fermi function and the second term is the density of quasiparticle states.
The factor four appears as quasiparticles can be hole-like or electron-like as well as being spin-up or spin-down. We have developed comprehensive theoretical and numerical models of KIDs, including material properties, nonuniform current and quasiparticle distributions on resonators, and quasiparticle recombination and diffusion, but these models will be reported in a separate publication. The purpose of this paper is to demonstrate experimentally the basic principles of operation.
Noise and measurement
Two measurement approaches and systems were used to measure KID characteristics.
A network analyser was used in the first instance to measure the steady-state probe frequency, f , and temperature, T, KID characteristics such as the transmission magnitude, |S 21 |(f, T ), and phase-shift, θ(f, T ). The I-Q voltage signals are monitored using a network analyser and combined using software to extract the phase-signal relation between them θ(f ). The signal generator and demodulator system, was used to measure the temporal response of the KID, I (t)-Q(t) and hence the phase θ(t), and also for noise measurements. The frequency-dependent measurements taken using both systems agree very well.
The I-Q quadrature demodulator readout scheme used to monitor the KID is shown in figure 1(a) . The probe signal is split into an LO channel and an RF channel which passes through the KID circuit. These are mixed by the demodulator to give I and Q voltage signals 90
• out of phase. KID phase-noise was measured in the I-Q plane as the uncertainty in angle θ for a fixed measurement frequency, with respect to an origin chosen as the centre of the base temperature I-Q circle as shown in figure 2 . By positioning the base-temperature resonant I-Q point on the I axis, the phase-noise δθ rms can be calculated from the voltage δV Qrms . The phase-noise, δθ rms (T , ν), is calculated using
where V 0 is the voltage amplitude of the I -Q(T ) point from the centre of the base temperature I-Q circle and δV Qrms is the total rms voltage-noise signal in channel Q (perpendicular to V 0 ). Therefore, for a large radius I -Q circle the phase-noise is reduced. At higher temperatures, the voltage V 0 decreases so that δθ rms (T , ν) is a function of temperature as well as readout frequency. The voltage V 0 is proportional to the probe signal power so that probe power should be maximized, but without heating the resonator and distorting the resonance.
The measured I-Q data were translated and rotated such that measured phase-noise power, S θQ (ν) from the point I-Q f base 0 is measured from the voltage-noise power in channel Q, S VQ (ν), as shown in figure 2. Amplitude fluctuations are measured from the voltage-noise power in channel I , S VI (ν). Phase-noise power is calculated from a voltage-noise power by,
where S θQ (ν) is the measured phase-noise power and contains phase-noise contributions from the readout electronics, S θReadout (ν), the local oscillator (probe signal source), S θLO (ν), and from the KID itself, S θKID (ν), such that
We can assume that both the I and Q channel phase-noise power spectra contain equal contributions of instrument noise, so that
The intrinsic KID phase-noise power, S θKID (ν), is calculated by subtracting channel I power spectra from the channel Q power spectra, such that
In order to determine the noise equivalent power (NEP), the responsivity, quasiparticle recombination time and readout phase-noise are required. The NEP as a function of readout frequency is then given by [10] ,
where S θQ (ν) is the measured phase-noise power, ∂θ/∂N qp is the responsivity (in radians per quasiparticle), τ * R is the effective quasiparticle recombination time [17] , η is the absorption efficiency, (T ) is the superconducting energygap parameter and ν is the readout frequency.
Design and fabrication
Our KIDs comprise shorted, quarter-wave, coplanar resonators, capacitively edge-coupled to a probe-signal transmission line as shown in figure 3 .
Coplanar wave guide (CPWG) microwave resonators were simulated in both Em Sonnet and bespoke software packages to study the effects of resonator coupling strength. KID coupling geometries were modelled until a suitable balance between signal strength (low Q) and sensitivity (high Q) was achieved. For quarter-wave resonator CPWG geometries, where most of the electromagnetic field is external to the conductor, we can predict the base-temperature resonant frequency of the KID, f c 0 (in the limit of zero coupling capacitance), as
where r is the dielectric constant of the substrate, l is the length of the KID resonator, and c is the speed of light. At T T c , the resonant frequency does not change with temperature. The dielectric constant of our r-plane sapphire wafers is 9.3-11.5, depending on the c-axis orientation. The effective dielectric constant appropriate for a meandering resonator depends upon its physical layout and the associated electromagnetic field distribution with respect to the crystallographic orientation of the dielectric. The effective dielectric constant therefore needs to be determined prior to device fabrication for accurate prediction of the resonant frequency. Several KID geometries have been processed with superconducting polycrystalline niobium, aluminium and epitaxial tantalum. Figure 4 shows close-up photographs of an Al KID coupler, fabricated in-house and the shorted end of a resonator where the Ta x-ray absorber is located. The CPWG has a central strip width s = 7 µm and a gap of w = 4 µm. The L-coupler length is L c = 50 µm with gap of L g = 8 µm between the resonator and the probe transmission line. The resonator length is 9050 µm, designed to resonate at 3.629 445 2 GHz. A quasiparticle trap is formed at the shorted end of the resonator, by overlaying an aluminium T-shaped structure on the tantalum x-ray absorber. Due to the different superconducting energy gaps of aluminium ( (0) = 0.19 meV) and tantalum ( (0) = 0.76 meV), a quasiparticle potential well is created [19] , trapping excess quasiparticles into the shorted end of the resonator. The current distribution is highest at the shorted end of a quarter-wave resonator so this is most sensitive to changes in quasiparticle number. By trapping excess quasiparticles into the shorted end, the detection sensitivity is increased. Without a trapping structure, quasiparticles diffuse slowly into the ground plane of the CPWG. The trapping structure, however, still provides a good electrical short for the resonator. Al/Ta KIDs were fabricated as individual devices and as multiplexed arrays of eight detectors, designed to resonate between 3-4 GHz.
Aluminium resonators with tantalum absorbers formed the majority of the KIDs tested, although some preliminary tests were also made with polycrystalline niobium as the resonator material. Two inch, 500 µm thick r-plane sapphire wafers were used for all devices. All of the material depositions were carried out using an ultra-high vacuum (UHV) sputtering system with a base pressure of 1 × 10
Torr. Before material deposition, surfaces were cleaned in situ using ion-beam milling.
For the Al/Ta KID a 200 nm thick layer of epitaxial tantalum, for the absorbers, was sputtered with a wafer temperature of 850
• C. The absorber was patterned using photolithography and by wet etching. The tantalum's residual resistance ratio (RRR) was measured to be RRR = 40. Prior to aluminium deposition, the absorber layers were briefly etched using a niobium wet etch immediately before loading into the UHV sputtering system. This step removes tantalum oxide from the surface of the absorber to improve the interface contact between Al/Ta. Any remaining oxide produces a barrier and impedes quasiparticle diffusion from the absorber to the resonator. Next, a polycrystallline layer of aluminium was sputtered using liquid nitrogen to cool the target wafer. KIDs of various thicknesses between 200 and 400 nm were fabricated. The aluminium resonator layer was patterned using photolithography and wet etching. The aluminium layer was measured to have RRR = 4.7. The completed KIDs were then cleaned using a plasma oxygen cycle in a reactive-ion etcher before a passivating layer of SiO 2 was deposited. A 500 nm thick layer of gold/copper was finally deposited using high vacuum sputtering, and lithographically defined using a liftoff process, to form thermally conductive banks between the CPWG ground plane and the sapphire. These banks ensure that the temperature of the KID is uniform across the chip. Singlelayer polycrystalline niobium KIDs were also fabricated at room temperature giving films with RRR = 2.9.
Experimental system
Devices were cooled using an Oxford Instruments dilution refrigerator (DR), customized to carry coaxial cables from 300 K to 26 mK at the mixing chamber. A schematic of the cryogenic system is shown in figure 5 . Thermal isolation from 300 K to 4 K was ensured by using steel coax, radiation baffles and dc blocks on the input and output coax. The different stages in the DR were isolated using superconducting niobium coax and four custom-made heat-sinks. The heatsinks consisted of coax to copper microstrip on sapphire transitions, and were fitted to both the 1 K pot and Still to minimize heat flow to the mixing chamber. Other cryogenic components included 40 dB pad attenuators, to limit signal power to the KID, and a Quinstar Model C-5.0-25H HEMT amplifier operating at 4 K with a noise temperature between 5 and 10 K. The KIDs were mounted in a jig attached to the base of the mixing chamber, with mounts for a radioactive 55 Fe x-ray source and collimator. A photo of the internals of the DR and the coaxial cable heat-sinking is shown in figure 6 .
The microwave probe signal was generated using an Agilent E2847C signal generator, and split by a power divider to form the LO signal for the demodulators and the signal for the KID. The probe signal passed through an adjustable attenuator and phase-shifter before entering the cryostat and the device under test. The signal returning from the cryostat was amplified by warm RF amplifiers before re-entering the demodulator unit, where it was connected to the RF port of the demodulator. Pulsar IDOH-02-458 quadrature I.F. demodulators were used to mix the RF and LO signals from the cryostat and signal generator respectively. The I and Q output voltage signals were then fed through analogue Figure 7 . The |S 21 | transmission data for a 200 nm thick niobium KID is modelled using a Lorentzian nonlinear least-squares fit. The measured quality factor is Q = (741 ± 15) × 10 3 . The resonance is at f 0 = 3.322 3207 GHz ± 100 Hz. low-pass filters before being sampled by analogue-to-digital converters. We used GaGe Compuscope 1610 data acquisition cards and LabView software to capture and store time domain I and Q data series. Frequency dependent I-Q data were also recorded using an Agilent PNA series E8362B network analyser. Further software was written to process the data and fit parameters to find the KID resonant frequency and quality factor. FFT noise spectra were measured to analyse the noise content of the I-Q signals. KID data were measured as functions of both temperature and probe power to characterize performance and to find the optimum operating conditions. The KID temperature was raised from 26 mK (deepest resonance) to 500 mK (shallowest resonance). As the temperature increases the resonance broadens and shifts to lower frequencies. Figure 7 shows a typical |S 21 |(f ) frequency response of a niobium KID. The KID comprised a single 200 nm thick layer of polycrystalline niobium on a 500 µm r-plane sapphire substrate. The KID was patterned into a CPWG quarterwave resonator of length 9550 µm with a predicted resonant frequency of f c 0 = 3.4009 GHz (for r = 10). A critical temperature of 9.4 K meant that we could operate the device optimally at about 1 K, indeed below this temperature no further change in the frequency characteristics of the KID was observed. At 1 K, the resonant frequency of the KID was measured to be f base 0 = 3.322 3207 GHz ± 100 Hz using a Lorenztian nonlinear least squares fit to the |S 21 |(f ) transmission data. This method also finds the quality factor of the resonator to be Q = (741 ± 15) × 10 3 . This particular device had a high quality factor, but a very small dip in |S 21 |(f ) at resonance. This observation suggests very light capacitive coupling, and therefore by using (9) we estimate r = 10.59. X-ray detection was also observed in the Nb KID with short quasiparticle recombination times of τ * R = 30 µs. Figure 8 shows the transmission amplitude |S 21 |(f ) as a function of frequency at different operating temperatures for an Al KID on a sapphire substrate. This KID comprised a 400 nm thick aluminium resonator of length of 8000 µm. Using (9) the resonant frequency at base temperature is predicted as 4.1416 GHz with r = 10. A Lorenztian nonlinear least-squares fit to the measured |S 21 |(f ) data gives a base temperature resonant frequency of f base 0 = 4.2110 GHz, and a quality factor of Q = 103.7 × 10 3 . As the temperature of the KID was raised from 26 mK to 500 mK, by heating the mixing chamber, the resonant frequency shifted to lower frequencies and the measured quality factor decreased. This behaviour is consistent with our KID model, as Cooper pairs are broken producing a greater population of thermal quasiparticles. These quasiparticles dampen the resonant behaviour by introducing a resistive loss mechanism, decreasing the measured quality factor. The phase-shift of the probe signal was also measured as a function of temperature, and in fact provided a more accurate measure of temperature change than |S 21 |(f ). Both the phase-shift and the transmission magnitude can be measured as functions of temperature and frequency by examining the data in the I-Q plane, as shown in figure 9.
Results

Resonant frequency temperature dependence
The probe signal power level was chosen to avoid heating the KID whilst still achieving a good SNR at the readout. The optimum power level was found by varying the signal power and recording the resonant frequency and its measurement error, as shown in figure 10 . At low probe powers phase-noise is dominated by the HEMT amplifier and is contained in the term S θReadout (ν) described in (5) . At higher probe powers, the phase-noise is dominated by S θKID (ν) and frequency measurements become less accurate as the KID quality factor is lowered though heating. The optimum probe signal power was about −45 dBm. With −48 dB attenuation in the cryostat, the power at the device was approximately −93 dBm. At high powers the resonant feature starts to deform and eventually disappears altogether. We are currently investigating the precise physics of what determines the optimum probe power, but it could be due to heating from multiple photon absorption.
Phase-shift θ was measured at a fixed probe frequency equal to the KID resonant frequency, f base 0 , at base temperature. The measured phase-shift versus temperature is shown in figure 11 for three aluminium KIDs with different quality factors. As can be seen, the devices did not start to show a significant phase-shift until the temperature reached about 200 mK. Figure 12 shows how ∂θ/∂N qp is determined from the measured responsivity. At high temperatures and quasiparticle densities we observe how the phase-shift responsivity saturates. As expected we find that smaller capacitive coupling makes a KID with a higher quality factor and responsivity. 3 . The measurements were taken using a spectrum analyser. At low powers the device resonates at its nominal value but the SNR is low as the phase-noise is dominated by HEMT noise S θ Readout (ν). Larger probe powers drive the resonance to lower frequencies as the device is heated and S θ KID (ν) dominates. In addition, the reduced quality factor at higher probe powers also makes measurement of f 0 less accurate. A compromise is reached between high quality factor and good SNR; this is at about −45 dBm for this device. The highest responsivity was measured for a 300 nm Al/Ta KID as ∂θ/∂N qp = (5.06 ± 0.23) × 10 −6 degrees per quasiparticle. This device had a measured quality factor of Q = (187.7±3.5)×10
3 . Phase-shift is a relative quantity and depends on the choice of the centre of the resonance circle in the I-Q plane. For small departures from thermal equilibrium, we found the response was not linear, as shown in figure 13 . This may be due to the exact choice of origin in the I-Q plane for phase-shift measurements and analysis.
X-ray measurements
The number of quasiparticles, N qp , created by an x-ray photon of energy E ph is given by 
where the energy-gap parameter of the superconductor, and is a factor describing the number of quasiparticles created per photon. The factor ∼ 1.7 for tantalum.
To detect x-ray photons, the central region of a 1000 µm long, 200 µm wide and 200 nm thick Ta absorber coupled to a 300 µm thick aluminium resonator, was illuminated by a collimated radioactive 55 Fe x-ray source. Cooling the KID to base temperature of 26 mK and monitoring the
, as a function of time, x-ray absorption pulses were observed in both the I and Q channels. These I (t)-Q(t) signals were recorded in sets of 100 to determine the rate at which different pulse types were observed. Pulses were averaged over ten similar pulse shapes, and are shown in figures 14 and 15. Two distinct classes of pulse were recorded, with long and short decay times respectively. About 95% of the detected pulses were of the short recombination time type. Various pulse heights for these short pulses were observed with different peak phase-shift signals. X-ray absorption events on the absorber at positions close to the trap produce large pulses, whereas those further away showed smaller peak signals, as quasiparticles recombined before they diffuse into the trap. A fit to the decay tail of these short pulses is shown in figure 14 . It clearly shows how the decay time is well described by the sum of two exponential decay rates: a short decay time τ 1 ∼ 13 µs governing the early part of the decay and a longer time constant τ 2 ∼ 100 µs governing the later part of the decay. The inset plot in figure 14 shows the rise times for short pulses of different magnitudes. The rise time of these pulses is dominated by the resonator quality factor Q, and given by τ rise = Q/2πf 0 . For this resonator with Q = 187.7 × 10 3 and Frequency/Hz Q I Figure 16 . The combined on-resonance FFT I and Q channel voltage-noise power spectra, S V I (ν) and S V Q (ν) respectively, as a function of readout frequency. Spectra were taken in appropriate bands using 10 kHz, 100 kHz and no analogue filtering. Spectra were taken at the Nyquist sampling frequency using a Gage Compuscope 1610 16-bit dual channel data acquisition card. Figure 17 . The KID phase-noise power spectrum S θ KID (ν). This is calculated by subtracting the on-resonance channel I data from the on-resonance channel Q data as described by (7) . The frequency dependence of the KID phase-noise power is proportional to 1/ √ f .
f 0 = 3.62 GHz, we calculate τ rise ≈ 8 µs, which matches the measured data very well. This time scale determines the speed at which the detector can respond to a change in its surface inductance. The peak pulse signal amplitude is determined by the proximity of the photon absorption in the tantalum to the shorted end of the resonator. The longer type of pulse is modelled with a decaying exponential with two time-constants as shown in figure 15 . These curves also show two periods of exponential decay: a short with a time constant τ 1 ∼ 200 µs governing the first ∼150 µs of the decay and a longer time constant τ 2 ∼ 350 µs governing the later part of the decay.
For the shorter type pulses, it would appear that the early, quicker period of quasiparticle decay is due to diffusion and the later part is due to recombination. This would be indicative of the shorter time-scale it takes for quasiparticles to diffuse into the KID from the absorber before recombining. The longer decay-tail pulses were much less frequent, occurring in about 5% of the observed pulses. More analysis is required, but the relative dimensions of the absorber and sensitive areas of the KID suggest that these longer pulses are caused by photon absorption directly in the resonator itself.
The measured phase-shift pulse magnitude, due to the absorption of x-ray photons, can be calibrated into an excess quasiparticle density. Peak signals of 2 × 10 6 to 1 × 10 7 quasiparticles were detected by the KID. Using (10), a 5.9 keV x-ray photon would create ∼5 × 10 6 quasiparticles if absorbed in the Ta absorber. As the diffusion of quasiparticles can be approximated as one dimensional, half of them travel towards the KID. This rough calculation agrees well with the number of quasiparticles measured, as shown in figure 14 . The largest pulses occur for photons absorbed close to the absorber/resonator interface so that very few of them recombine before they reach the sensitive part of the resonator.
Noise spectra
The on-resonance voltage-noise power spectrum of a 300 nm Al/Ta KID with Q = 187.7 × 10 3 is shown in figure 16 . Phase-noise arises from channel Q fluctuations, tangential to the I-Q circle, and displays a characteristic KID resonator noise slope [20] . Channel I fluctuations produces amplitude noise and is flat across the readout frequency band. The voltage-noise S VQ (ν) is greater than S VI (ν) indicating that there must be a fundamental noise source in the KID. The total measured voltage-noise power of the KID and readout system was measured using time domain captures of both the I and Q voltage signals. These signals were low-pass filtered and sampled at twice the roll-off frequency of the filter to eliminate aliasing. An averaged FFT was calculated to form the spectra of the captured I-Q signals. The intrinsic KID phase-noise power is calculated using (7) and is shown in figure 17 . It shows that KID phase-noise power is closely proportional to 1/ √ ν. Figure 18 shows voltage-noise power spectra for both I-Q channels as a function of probe power and sampled at a readout frequency of 5 MHz. At low probe powers the voltage phasenoise power from both channels is the same. As the probe power is increased, we observe the voltage-noise to increase in both channels. However, at large probe powers the channel Q voltage-noise power, which is in the phase direction, shows an excess noise relative to channel I . This indicates that a noise source intrinsic to the KID is being excited. Phase-noise power shows the opposite trend and decreases with increasing probe power. This behaviour occurs because the radius, V 0 , of the I-Q circle decreases with probe power so the measured phase-noise increases through (3) [20] .
NEPs of the 200 nm Al/Ta KID are shown in figure 19 ; they were determined using the narrow and wide x-ray pulse data described earlier. The NEP curves were calculated using (8) 
Conclusions
The kinetic inductance detector (KID) is an exciting new type of superconducting detector that is easily frequency multiplexed into large-format, high-sensitivity imaging arrays. We have fabricated and tested niobium and aluminium KIDs and established measurement techniques and data processing routes. The choice of coupling gap and therefore the overall KID quality factor affects the responsivity, with higher quality factors giving more sensitivity. The optimum probe power level must be chosen by examining the effects on the measured resonance. Low powers give poor SNR, and large powers heat the KID decreasing the quality factor and the sensitivity of the detector. At higher probe powers, the resonance is distorted and eventually disappears altogether. X-ray pulses have been observed with characteristic rise times associated with the quality factor of the resonator, and decay times associated with quasiparticle recombination and diffusion and losses. Pulse magnitudes and durations were indicative of where on the device, absorber or resonator, the x-ray photon was absorbed. Techniques have been developed to measure the intrinsic KID phase-noise, and show the KIDs studied here have an intrinsic phase-noise power spectrum proportional to the inverse of the square root of the readout frequency. The measured phasenoise power spectrum level decreased as the probe signal power was increased, however as we have discussed, this also reduces the responsivity of the KID. Optimum control of signal power and readout frequency gave a measured NEP = 4.60×10 −17 W Hz −1/2 , proving that extremely high-sensitivity detectors can be made.
